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Reverse transcription of the HIV-1 genome is a complex multi-step pro-
cess. HIV-1 nucleocapsid protein (NC) is a nucleic acid chaperone protein
that has been shown to greatly facilitate the nucleic acid rearrangements
that precede the minus-strand transfer step in reverse transcription. NC
destabilizes the highly structured transactivation response region (TAR)
present in the R region of the RNA genome, as well as a complementary
hairpin structure (“TAR DNA”) at the 30-end of the newly synthesized
minus-strand strong-stop DNA ((2 ) SSDNA). Melting of the latter struc-
ture inhibits a self-priming (SP) reaction that competes with the strand
transfer reaction. In an in vitro minus-strand transfer system consisting of
a (2 ) SSDNA mimic and a TAR-containing acceptor RNA molecule, we
find that when both nucleic acids are present, NC facilitates formation of
the transfer product and the SP reaction is greatly reduced. In contrast,
in the absence of the acceptor RNA, NC has only a small inhibitory effect
on the SP reaction. To further investigate NC-mediated inhibition of SP,
we developed a FRET-based assay that allows us to directly monitor con-
formational changes in the TAR DNA structure upon NC binding.
Although the majority (,71%) of the TAR DNA molecules assume a
folded hairpin conformation in the absence of NC, two minor “semi-
folded” and “unfolded” populations are also observed. Upon NC binding
to the TAR DNA alone, we observe a modest shift in the population
towards the less-folded states. In the presence of the RNA acceptor
molecule, NC binding to TAR DNA results in a shift of the majority of
molecules to the unfolded state. These measurements help to explain
why acceptor RNA is required for significant inhibition of the SP reaction
by NC, and support the hypothesis that NC-mediated annealing of
nucleic acids is a concerted process wherein the unwinding step occurs
in synchrony with hybridization.
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Introduction

Reverse transcription in retroviruses is a com-
plex process that results in synthesis of a linear
double-stranded DNA from the single-stranded
genomic RNA template.1 The HIV nucleocapsid
protein (NC) stimulates this process, which
involves a number of nucleic acid rearrangements,
including tRNA primer annealing and two strand
transfer events.1 – 9 Thus, NC is a nucleic acid
“chaperone” protein that facilitates nucleic acid
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conformational changes to form the most thermo-
dynamically stable interactions in an ATP-indepen-
dent fashion.10 – 14

HIV-1 NC is a 55 amino acid, highly basic,
nucleic acid-binding protein. The mature form,
also known as NCp7, is generated by cleavage of
the viral Gag precursor protein.15 – 17 NC contains
two CCHC metal-binding motifs, which form
tandem zinc finger structures connected by a short
linker sequence.18,19 We have recently shown that
the zinc finger structures are critical for NC’s
nucleic acid chaperone activity.20 – 23 The CCHC
zinc fingers are also required for full chaperone
activity of FIV NCp8 in vitro.24 In addition, NC’s
zinc fingers appear to impart preferential binding
to single-stranded nucleic acids.21,25 – 27

Despite NC’s apparent preference for binding
single-stranded nucleic acids, the preference is
modest,28 consistent with its role in interacting
with both single and double-stranded RNA and
DNA molecules during reverse transcription. NC
greatly facilitates tRNA primer annealing to the
HIV genome. However, it has been shown that
NC binding to tRNA alone does not induce global
unwinding of the tRNA structure,29,30 but rather
causes more subtle changes in the tertiary and sec-
ondary structural motifs.30,31 Thus, at least in the
case of tRNA annealing, NC binding does not
facilitate tRNA unwinding in the absence of the
complementary primer binding site, i.e. unwinding
occurs simultaneously with annealing.

Following tRNA primer annealing, minus-strand
strong-stop DNA ((2 ) SSDNA) is synthesized and
then translocated to the 30 terminus of the viral
RNA genome, in a reaction mediated by base pair-
ing of the complementary repeat (R) regions in
(2 ) SSDNA and viral RNA. NC has been shown
to stimulate minus-strand transfer by increasing
the rate of intermolecular annealing and by block-
ing a competing intramolecular self-priming (SP)
reaction.4,7,32,33 SP occurs due to the presence of a
highly structured sequence at the 30-end of the (2 )
SSDNA.1,4,7,34 This sequence, which is comple-
mentary to the TAR element at the 50-end of the
genome, will hereafter be referred to as “TAR
DNA”. The TAR DNA sequence has the potential
to fold back onto itself and form a hairpin, which
can self-prime DNA synthesis and form a hetero-
geneous mixture of minus-strand DNA products
with plus-strand extensions.7

The presence of HIV NC in in vitro minus-strand
transfer assay systems has been shown to reduce
the extent of TAR-dependent self-priming.7,32,33,35

However, whether NC inhibition of SP is due to
direct destabilization of the TAR DNA hairpin, or
whether the reduction of SP in these in vitro
systems is dependent on the presence of the TAR
RNA acceptor strand is an open question. Lapa-
dat-Tapolsky et al. originally reported that SP is
inhibited by NC in the absence of an RNA
acceptor.32 More recently, Hughes and co-workers
have shown that NC can significantly inhibit SP
from a 100-nt synthetic (2 ) SSDNA oligonucleo-

tide only in the presence of a 17-nt DNA oligomer
complementary to the 30-end of the (2 ) SSDNA.33

The size of the DNA oligomer is similar to that of
short RNA oligomers formed as a result of RNase
H degradation of the RNA template during (2 )
SSDNA synthesis.33,36

Recently, using both absorbance and fluor-
escence spectroscopy, Mély and co-workers have
directly examined NC’s effect on the structure of a
55-nt TAR DNA hairpin mimic.37 This work
showed that binding of an NC-derived peptide
containing the zinc finger motifs, (12-55)NCp7,
enhances the intrinsic fraying of the ends of the
TAR DNA hairpin, and results in melting of
7–8 bp. However, the effect of NC binding on the
TAR DNA structure in the presence of acceptor
RNA was not probed. Nevertheless, taken together
with the data of Hughes and co-workers discussed
above, these results imply that partial melting of
the TAR DNA hairpin may not be sufficient to
reduce SP, at least in the absence of a comple-
mentary nucleic acid.

To examine this hypothesis and to gain further
insights into NC’s role as a nucleic acid chaperone
protein in the minus-strand transfer step of reverse
transcription, we carried out both biochemical and
FRET-based assays. Using a modified in vitro
minus-strand transfer assay system,7 we investi-
gated NC’s effect on the amount of SP products
formed in the absence and presence of acceptor
RNA. In addition, we used a FRET-based approach
to directly monitor structural changes in the TAR
DNA hairpin in the presence and absence of both
NC and acceptor RNA. We found that NC binding
to the TAR DNA hairpin alone causes partial
unfolding of the hairpins. Under these conditions,
very little NC-dependent inhibition of SP is
observed. We also established that the acceptor
RNA is required for significant inhibition of SP in
this system. Moreover, in the presence of the accep-
tor RNA, the majority of the TAR DNA molecules
are present in an unfolded state. Taken together,
our data support the conclusion that the confor-
mational changes observed upon NC binding to
the TAR DNA alone are not sufficient to inhibit SP
and promote strand transfer, and that substantial
unwinding of the TAR DNA hairpin occurs only
in the presence of the acceptor RNA.

Result

NC effects on TAR-dependent self-priming

Previously, we showed that NC has the ability to
promote the annealing step in minus-strand
transfer20,22,38 and to reduce the formation of
undesired SP products.7 In these assays, the
acceptor RNA was always present and the effect
of NC on the SP reaction in the absence of the
complementary RNA was not reported. To address
this question, we assayed DNA synthesis in the
absence and presence of acceptor RNA. As shown
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in Figure 1(a), in the absence of NC, the predomi-
nant band observed corresponds to the SP pro-
ducts, which form both in the absence or presence
of acceptor RNA (lanes 1 and 6, respectively).
With the addition of increasing amounts of NC to
the reactions carried out in the absence of acceptor
RNA (lanes 2–5), NC does not substantially inhibit
the formation of the SP products. In contrast, in the
presence of acceptor RNA, addition of increasing
amounts of NC results in a corresponding increase
in formation of the strand transfer product, with a
concomitant decrease in SP products (Figure 1(a),

lanes 7–10). Figures 1(b) and (c) graphically show
these results. In particular, we find that NC inhibits
the formation of SP products and stimulates for-
mation of the transfer product in a dose-dependent
manner, but only in the presence of the acceptor
RNA.

FRET system used to probe NC-induced TAR
DNA conformational changes

The inability of NC to significantly affect the for-
mation of SP products in the absence of acceptor

Figure 1. NC’s effect on SP in the
absence and presence of acceptor
RNA. (a) Gel analysis showing the
effect of NC and 148-nt acceptor
RNA on SP. The major bands are
indicated as follows: (2) SSDNA,
the 128-nt DNA containing the
complementary TAR element; SP,
SP products; and T, the 182-nt
strand transfer product. The minus
NC controls are shown in lane 1,
10 nM TAR DNA alone, and lane 6,
10 nM TAR DNA plus 10 nM accep-
tor RNA. The effect of increasing
amounts of NC on SP in the
absence (lanes 2–5) and presence
(lanes 7–10) of 148-nt acceptor
RNA is also shown. The concen-
trations of NC are 0.4 mM (7 nt/
NC) (lanes 2 and 7), 0.8 mM
(3.5 nt/NC) (lanes 3 and 8), 1.6 mM
(1.75 nt/NC) (lanes 4 and 9), and
3.2 mM (0.875 nt/NC) (lanes 5 and
10). (b) Graph quantifying NC’s
effect on the amount of SP products
in the absence (closed circles) and
presence (closed triangles) of accep-
tor RNA. (c) Graph quantifying the
amount of strand transfer product
as a function of increasing concen-
trations of NC. The graphs in
panels (b) and (c) are based on the
data shown in panel (a).

Figure 2. Structures of fluoro-
phores and oligonucleotides used
in the FRET assay. Indocarbo-
cyanine-3 (Cy3) was used as the
acceptor dye molecule and was
attached to the 50-dT of the DNA
via a succinimidyl ester (C6–NH)
linker. 6-Carboxyfluorescein (FL)
was used as the donor dye molecule
and was attached to the 30-dT of the
DNA via a succinimidyl ester (C6–
NH) linker. Also depicted are pre-
dicted secondary structures for the
TAR DNA (64 nt) and TAR RNA
(59 nt) used in the FRET studies.
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RNA suggests that under these conditions NC is
unable to melt the TAR DNA secondary structure.
However, a recent study probing NC’s effect on a
TAR DNA mimic that is similar, although not
identical to the TAR DNA used in the present
study, concluded that (12–55)NCp7 does induce
partial melting and fraying of the ends of the
hairpin.37 To directly investigate this possibility in
our system, a fluorescence resonance energy trans-
fer (FRET) assay was developed in which fluor-
escent donor and acceptor molecules were
covalently attached to a DNA oligonucleotide
mimicking the TAR DNA hairpin at the 30-end of
(2 ) SSDNA (Figure 2). Using the energy transfer
properties of fluorescent molecules that are in
close proximity, FRET can be used as a “molecular
ruler” to measure conformational changes of oligo-
nucleotides in solution.39,40 In our system, the 64-nt
TAR DNA mimic was labeled on the 50 and 30-ends
with acceptor (indocarbocyanine-3 (Cy3)) and
donor (6-carboxyfluorescein (FL)) dyes, respect-
ively. This construct retained the sequence of the
core TAR hairpin (59 nt), but to facilitate chemical
synthesis and to prevent any undesired G residue
quenching effects,41,42 a 50-T and 30-TTTT overhang
were added to the sequence. The 30 overhang also
prevents formation of a dark non-fluorescent state
that can form due to close proximity of the two
dyes.37 Similarly, a truncated 59-nt version of the
TAR RNA hairpin was used as the acceptor RNA
in our FRET system (Figure 2). All FRET measure-
ments were carried out using the fully mature
55-amino acid HIV-1 NC protein.43

Characterization of dye-labeled DNA

Singly-labeled Cy3–DNA and DNA–FL, as well
as doubly-labeled Cy3–DNA–FL were gel-
purified and were each determined to be .95%
free from other contaminants by electrospray ioniz-
ation mass spectrometry. The Förster radius, RO,
was calculated to be 63 Å (see Materials and
Methods). Figure 3(a) shows the normalized fluor-
escence emission spectra for the singly-labeled
DNA–FL (orange), as well as for the doubly-
labeled Cy3–DNA–FL (red). FL emission in the
doubly-labeled sample is substantially quenched
relative to its emission in DNA–FL, indicative of
efficient energy transfer to Cy3. A concomitant
increase in Cy3 emission at 570 nm is also
observed. Addition of TAR RNA to Cy3–DNA–
FL in the absence of NC does not alter the emission
spectrum (data not shown), indicating that the
mutual presence of the TAR RNA and the TAR
DNA is insufficient for annealing. Upon addition
of NC in the absence of acceptor RNA, an increase
in FL emission and concomitant decrease in Cy3
emission are observed (Figure 3(a), purple). In the
presence of both acceptor TAR RNA and NC, an
even larger change in the emission intensities of
Cy3–DNA–FL is observed (Figure 3(a), green),
suggesting further NC-induced conformational
changes under these conditions. These spectral

changes correspond to conformational changes
that cannot be quantitatively evaluated by steady-
state FRET, but that are further characterized by
time-resolved FRET measurements as described
below.

Time-resolved FRET measurements were carried
out to more quantitatively describe the NC-
induced conformational changes of the TAR DNA
observed in the steady-state experiments. Fluor-
escence lifetimes of the labeled TAR DNA con-
structs in the presence and absence of TAR RNA
and NC were measured by time-correlated single
photon counting (TCSPC). Figure 3(b) shows the
decay of DNA–FL emission (orange), which is
well described by a single exponential with a fluor-
escence lifetime (t1) of 4.0 ns (Table 1). The emis-
sion of Cy3–DNA–FL (red) is significantly
quenched relative to DNA–FL due to FRET from
the donor FL to the acceptor Cy3 dye. The decay
of Cy3–DNA–FL is best described by a triple
exponential, indicating the presence of at least
three DNA conformations with different donor–
acceptor dye distances. The three populations are
designated the “hairpin”, “semi-folded”, and

Figure 3. FRET spectra showing NC’s effect on the
singly and doubly-labeled TAR DNA in the absence and
presence of TAR RNA. (a) Steady-state fluorescence
spectra of 75 nM DNA–FL (orange), Cy3–DNA–FL
(red), Cy3–DNA–FL with NC (4 nt/NC, purple), and
Cy3–DNA–FL and 112.5 nM TAR RNA with NC (4 nt/
NC, green) under conditions outlined in Materials and
Methods. All spectra were normalized by integrating
the area between 500 nm and 630 nm. (b) Time-resolved
fluorescence spectra. Shown is the semi-logarithmic plot
of the fluorescence decays of the samples described in
(a).
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“unfolded” states based on the FRET distances
calculated from their fluorescence lifetimes.
Approximately 71% of the Cy3–DNA–FL popu-
lation is in the hairpin state, which is characterized
by a lifetime (t3) of 0.1 ns and a corresponding
FRET distance (R ) of 34 Å (Table 1). The unfolded
state (t1 ¼ 3.6 ns, R ¼ 90 Å) shows very little FRET
quenching, while the semi-folded population
(t2 ¼ 0.6 ns, R ¼ 46 Å) represents an intermediate
case. As expected from the steady-state FRET
data, addition of TAR RNA to either DNA–FL or
Cy3–DNA–FL did not significantly alter the DNA
conformations (Table 1).

Using the FRET behavior of Cy3–DNA–FL as a
baseline, conformational changes and/or popu-
lation shifts in TAR DNA upon addition of NC
and the acceptor RNA were next quantitatively
evaluated. The addition of NC to Cy3–DNA–FL
yields a minor reduction in FRET quenching
(Figure 3(b), purple). Although this decay fits to a
triple exponential with similar lifetimes as
measured for Cy3–DNA–FL alone (red), the popu-
lation in the presence of NC is shifted toward the
less-folded conformations. The unfolded popu-
lation (t1) increases from 10% to 22% in the pre-
sence of NC relative to Cy3–DNA–FL alone,
whereas the semi-folded population (t2) increases
from 19% to 34% (Table 1). By contrast, a much
more significant decrease in FRET quenching is
observed when both TAR RNA and NC are added
to Cy3–DNA–FL (Figure 3(b), green). This
decrease is consistent with NC-mediated TAR
DNA:TAR RNA annealing, which would be
expected to induce a substantial population shift
from the hairpin state to the unfolded confor-
mation. A triple exponential decay was again fit to
the emission decay. The largest population of mol-
ecules (53%) now corresponds to the longest lived
component (t1), with a lifetime of 4.0 ns. The latter
corresponds to a FRET distance of .100 Å (Table
1), consistent with an annealed complex. Moreover,
the observed increase in the unfolded state popu-
lation is in good agreement with the percent

annealing observed via gel-shift analysis (see
below).

Gel-shift annealing assays

In order to visualize the extent of annealing by
an independent method, gel-shift annealing assays
were performed under assay conditions that were
identical to those used in the FRET measure-
ments (see Material and Methods). When
32P-labeled TAR DNA alone was run on a native
gel, multiple broad bands were observed, indicat-
ing that the TAR DNA in solution was confor-
mationally heterogeneous (Figure 4, lane 1).
Consistent with this hypothesis a DNA m Fold44

analysis predicted that the TAR DNA could fold
into multiple structures with similar energies at
25 8C (40 mM NaCl, 1 mM MgCl2; data not
shown). This observation is also in good agreement
with the time-resolved FRET analysis, which
indicated the presence of at least three populations

Figure 4. Gel-shift annealing assays using FRET con-
ditions. Non-denaturing 15% polyacrylamide gel show-
ing NC-mediated annealing of the TAR DNA:TAR RNA
oligonucleotides. Lanes 1–4: 75 nM [32P]-labeled TAR
DNA (indicated by an asterisk) in the absence or pre-
sence of 112.5 nM TAR RNA and NC (4 nt/NC), as indi-
cated above the lanes. Lanes 5–6: 75 nM [32P]-labeled
TAR RNA (indicated by an asterisk) in the absence or
presence of 112.5 nM TAR DNA and NC (4 nt/NC).
Arrows indicate the migration of the binary complex.

Table 1. Time-resolved fluorescence data and analysis

Sample t1, nsa (%) t2, ns (%) t3, ns (%) R, Åb

Before NC addition
DNA–FL 4.0 ^ 0.01 (100) – – –
Cy3–DNA–FL 3.6 ^ 0.08 (10) 0.6 ^ 0.2 (19) 0.1 ^ 0.06 (71) 34
DNA–FL/RNA 4.0 ^ 0.01 (100) – – –
Cy3–DNA–FL/RNA 3.6 ^ 0.03 (10) 0.5 ^ 0.09 (21) 0.1 ^ 0.02 (69) 34

After NC addition
DNA–FL 4.1 ^ 0.02 (86) 0.6 ^ 0.09 (14) – –
Cy3–DNA–FL 3.3 ^ 0.1 (22) 1.2 ^ 0.1 (34) 0.2 ^ 0.03 (44) 37
DNA–FL/RNA 4.0 ^ 0.02 (81) 0.4 ^ 0.08 (19) – –
Cy3–DNA–FL/RNA 4.0 ^ 0.1 (53) 1.6 ^ 0.4 (22) 0.2 ^ 0.07 (25) .100

a Lifetime values are an average of at least five measurements. The average amplitude (percent of total signal) for each component
is given in parentheses. In the case of DNA–FL, t1 represents the major component, whereas t2 represents a minor component
observed following the addition of NC. In the case of Cy3–DNA–FL, the three lifetimes represent hairpin (t3), semi-folded (t2), and
unfolded (t1) populations, as discussed in the text.

b FRET distance for the major component only. See Materials and Methods for calculation parameters.
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of molecules for the Cy3–DNA–FL construct
(Table 1).

Also in accord with FRET results and with earlier
reports on annealing in minus-strand
transfer,4,20,38,45 addition of the RNA acceptor to the
TAR DNA does not produce substantial (,5%)
binary complex formation after a 40 minute
incubation in the absence of NC (Figure 4, lane 2).
Even a prolonged six-hour incubation of the
nucleic acids does not result in a substantial
increase in uncatalyzed binary complex formation
(data not shown). However, substantial binary
complex (30–40%) is observed in the presence of
both RNA and NC (Figure 4, lane 3), with the
extent of the reaction reaching a plateau after
approximately 30 minutes (data not shown). The
percent of annealed complex observed in the gel-
shift assays is in general agreement with the
amount of binary complex formation observed
based on the FRET analysis. Due to the stability of
the individual TAR hairpin elements, annealing
does not go to completion under the conditions of
the FRET assays. By increasing the concentration
of the oligonucleotides, complete NC-induced
annealing could be achieved (data not shown). In
contrast, in the absence of RNA, TAR DNA with
NC does not result in any noticeable band shift,
confirming that DNA:DNA duplex formation does
not occur (Figure 4, lane 4). The annealing reac-
tions were repeated using 32P-labeled TAR RNA
with similar results (Figure 4, lanes 5–8). As
expected, the TAR RNA alone migrates as a single
species on the non-denaturing gel (lane 5). Once
again, substantial (,40%) complex formation
occurs in the presence of both NC and TAR DNA
(lane 7). To confirm that the probes did not inter-
fere with the extent of NC-mediated annealing,
annealing assays were also performed with the
dye-labeled Cy3–DNA–FL and 32P-labeled TAR
RNA. The extent of annealing was similar to that
observed for the unlabeled DNA, confirming that
the probes do not significantly inhibit binary com-
plex formation (data not shown).

Discussion

In the present work, we have used both bio-
chemical and FRET-based assays to investigate
NC’s activity in a system that models minus-strand
transfer, an essential step in reverse transcription of
the HIV-1 retroviral genome. We demonstrate that
both NC and the acceptor RNA must be present
in order to facilitate strand transfer and to inhibit
a competing SP reaction, i.e. NC alone is insuffi-
cient to block SP of the TAR hairpin in (2 )
SSDNA (Figure 1). These results are in general
agreement with those of Hughes and co-workers,
who demonstrated that, in the absence of acceptor
RNA, NC inhibits formation of SP products from
(2 ) SSDNA, only in the presence of complemen-
tary DNA oligomers designed to mimic RNase H
degradation products.33,36

To gain further insights into the effects of NC
binding on the structure of the (2 ) SSDNA hairpin
both in the absence and presence of acceptor RNA,
we used a FRET-based approach. Using truncated
versions of (2 ) SSDNA (TAR DNA, 64 nt) and
acceptor RNA (59 nt), we find that NC binding to
the DNA alone results in a shift in the population
distribution of TAR DNA molecules towards the
unfolded and semi-folded states (Table 1). Thus,
NC binding decreases the stability of the TAR
DNA, in good agreement with previous studies
using a truncated version of NC, (12–55)NCp7,
and an alternate TAR DNA mimic.37 This con-
clusion is also consistent with results of Summers
and co-workers who have observed by NMR that
NC binding increases the “conformational lability”
of an 18-nt (2 ) PBS DNA mimic.46 The NC-
induced conformational changes of TAR DNA
observed in the absence of acceptor RNA are more
substantial than changes observed upon NC bind-
ing to the tRNALys,3 primer.29 – 31 As shown by native
gel electrophoresis, m FOLD analysis, and FRET,
the TAR DNA hairpin is conformationally hetero-
geneous and predicted to be inherently much less
stable than tRNA. Thus, NC’s ability to induce
nucleic acid conformational changes in the absence
of a complementary sequence will vary depending
on the stability of the starting structure.

A model to explain NC-facilitated strand trans-
fer versus formation of SP products that is con-
sistent with the data presented here is shown in
Figure 5. Although NC binding to TAR DNA

Figure 5. Model for NC’s effect on SP in the absence
and presence of acceptor RNA. In the absence of accep-
tor RNA, NC (represented as a gray ball) binds to the
(2) SSDNA (hairpin, semi-folded, and unfolded popu-
lations), increasing the thermal fluctuations (breathing)
of the nucleic acids. An equilibrium state is achieved
with the majority of the (2) SSDNA in the hairpin con-
formation from which RT can initiate formation of the
SP products. NC may then redistribute the less-folded
populations towards the more folded hairpin structure,
which in turn produces more SP products. In the pre-
sence of the acceptor RNA, NC-induced breathing of
the (2) SSDNA results in complete unwinding and
annealing of the two complementary hairpin sequences,
allowing RT to form the desired strand transfer product.
NC is also likely to induce breathing of the TAR RNA
hairpin (not shown), but this was not investigated in the
present work.
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alone destabilizes the population of molecules and
likely induces “breathing”, which allows the DNA
hairpins to sample alternate conformations more
readily, the folded hairpin conformation is still the
most dominant conformation observed in our
FRET analysis. In the presence of reverse transcrip-
tase (RT), SP products can form as a result of prim-
ing from the hairpin species. Although we have
arbitrarily assigned the three observed lifetimes to
three distinct populations of Cy3–DNA–FL, the
distribution is likely to be dynamic. Thus, as the
hairpin species are removed from the population
of molecules due to self-priming, NC may facilitate
conversion of the semi-folded species to hairpins
from which self-priming can now be initiated.
Therefore, this breathing model helps to explain
why the addition of NC alone to the TAR DNA
does not significantly decrease SP products for-
mation (Figure 1). Our FRET-based measurements
show that much more substantial unfolding of the
TAR DNA occurs in the presence of NC and the
acceptor RNA (Figure 5). Under these conditions,
formation of SP products is also reduced and trans-
fer product is formed (Figure 1). Thus, significant
NC-induced unwinding of the TAR DNA hairpin
and subsequent reduction in SP occurs in syn-
chrony with the annealing step of strand transfer.

These results provide further support for a
general model for NC’s nucleic acid chaperone
activity.21 In particular, NC binding to both RNA
and DNA induces subtle conformational changes,
including partial structural destabilization and
increased breathing of double-stranded helical
regions. Although the increased conformational
flexibility induced by NC binding is not generally
sufficient to globally unwind or linearize nucleic
acids, it allows them to sample alternate confor-
mational states more readily such that in the pre-
sence of a complementary oligonucleotide the
most thermodynamically stable intermolecular
duplex can readily form.

Material and Methods

Protein purification

All of the proteins used in this work were obtained or
prepared according to previously published procedures
as follows: HIV-1 RT,7 wild-type NC,43 and T7 RNA
polymerase.47

Nucleic acid preparation

Singly-labeled DNA oligonucleotides containing
either 50-Cy3 or 30-FL (Cy3–DNA and DNA–FL, respect-
ively), as well as the doubly-labeled DNA (Cy3–DNA–
FL), were obtained from TriLink Biotechnologies (San
Diego, CA). The oligonucleotides were purified on 12%
denaturing polyacrylamide gels and determined to be
greater than 95% pure by electrospray ionization mass
spectrometry performed in the lab of Dr Natalia
Tretyakova (University of Minnesota). The unlabeled
64-nt DNA oligonucleotide was obtained from the

MicroChemical Facility (University of Minnesota), sub-
jected to denaturing polyacrylamide gel purification,
and stored in diethyl pyrocarbonate-treated water at
220 8C. For gel-shift annealing assays, the chemically
synthesized TAR DNA was 50-radiolabeled with [g-32P]-
ATP and T4 polynucleotide kinase (New England Bio-
labs, Beverly, MA). The truncated 59-nt TAR RNA was
prepared via in vitro transcription using a PCR-amplified
template encoding the 59-nt sequence downstream of a
T7 RNA polymerase promoter. Internally [32P]-labeled
RNA was transcribed in vitro under similar conditions,
except that the GTP concentration was lowered from
4 mM to 1 mM and the reaction was supplemented with
17 mCi/ml [a-32P]-GTP. The synthetic 128-nt (2)
SSDNA used in the strand transfer assays was obtained
from IDT (Coralville, IA) and was labeled at its 50-end
with 32P.48 The 148-nt acceptor RNA was prepared from
Fsp I-linearized plasmid pJA by in vitro transcription
with T7 RNA polymerase, as described.7

Minus-strand transfer assays

Assays were performed using a 128-nt 32P-labeled syn-
thetic (2 ) SSDNA (1 £ 106–2 £ 106 cpm) and a 148-nt
acceptor RNA, as described.7 Briefly, (2) SSDNA (final
concentration, 10 nM) was added to reaction buffer
(50 mM Tris–HCl, pH 8.0; 75 mM KCl; and 1 mM dithio-
threitol); this was followed by addition of acceptor RNA
(final concentration, 10 nM), as specified in the figure
legend, and increasing amounts of HIV-1 NC. HIV-1 RT
(0.2 pmol) was then added and DNA synthesis was
initiated by adding MgCl2 (final concentration, 7 mM)
and the four deoxynucleoside triphosphates (each at a
final concentration of 100 mM). Following incubation at
37 8C for 30 minutes, reactions were terminated by the
addition of EDTA (final concentration, 50 mM), followed
by proteinase K treatment and phenol:chloroform extrac-
tion (1:1). Reactions were loaded onto a 6% sequencing
gel; the labeled DNA products were visualized and
quantified using a PhosphorImager (Molecular
Dynamics) and ImageQuant software.

Gel-shift annealing assays

Prior to use, all oligonucleotides were refolded at a
concentration of 1 mM in 25 mM Hepes, pH 7.5 and
40 mM NaCl, by incubation at 80 8C (two minutes) and
60 8C (two minutes), followed by addition of MgCl2 to a
final concentration of 10 mM and placement on ice.
[32P]-labeled TAR DNA or RNA (75 nM) were combined
with a 1.5-fold excess of complementary RNA or DNA,
respectively, in a solution containing 25 mM Hepes, pH
7.5 and 40 mM NaCl. HIV-1 NC was added at a ratio of
4 nt/NC and samples were incubated at room tempera-
ture. After 40 minutes, the reactions were quenched by
proteinase K (Sigma) treatment, extracted twice with
phenol:chloroform, and the products separated by SDS-
15% polyacrylamide gel electrophoresis (acrylamide to
bisacrylamide, 19:1, w/w). The bands were visualized
using a Bio-Rad Molecular Imager FX and quantified
with Bio-Rad Quantity One software.

Steady-state FRET experiments

Steady-state fluorescence spectra (corrected) were
recorded at room temperature by exciting the samples
at 490 nm using a PTI spectrofluorimeter (model QM-
2000; Photon Technology International, Lawrenceville,
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NJ). Emission was collected through a Glan-Thompson
prism set at the “magic angle”. The fluorescence
measurements were performed under the identical
conditions (excluding the proteinase K treatment and
phenol:chloroform extractions) as the gel-shift annealing
assays. NC induces a blue shift in FL emission and
affects the emission intensity, as previously reported.37

Therefore, in order to evaluate the effect of NC on TAR
DNA conformation, spectra of Cy3–DNA–FL were cor-
rected for this phenomenon.

Time-resolved FRET experiments

Time-resolved fluorescence data were measured by
time-correlated single photon counting at 22 8C with
488 nm vertically polarized excitation pulses
(Dt , 200 fs, repetition rate of 3.8 MHz) from a mode-
locked Ti:sapphire laser system (Coherent Mira 900,
Coherent pulse picker model 9200, Inrad SHG/THG
model 5-050). Emission was detected at 908 with respect
to the excitation axis with a microchannel plate detector
(Hamamatsu R3809U-50) through a 520 nm bandpass fil-
ter (20 nm FWHM) and a Glan–Taylor polarizer (Karl
Lambrecht) set at the magic angle. The time-resolved
anisotropy was calculated from emission decays
measured with the polarizer alternately in a vertical or
horizontal position.49 All emission decays were fit using
an iterative nonlinear least squares fitting procedure in
which decay data was fit to a sum of exponential decays
convoluted with the instrument response function
(FWHM , 50 ps).

Determination of the Förster radius

The Förster radius (RO), the distance at which the
energy transfer rate is equal to the decay rate, was deter-
mined to be 63 Å according to:

RO ¼ ½8:7585 £ 1025ðk2FDJ=h4Þ�1=6 ð1Þ

where k is the orientation factor, FD is the donor quan-
tum yield in the absence of the acceptor, h is the refrac-
tive index of the medium, and J is the spectral overlap
integral. The quantum yield of the donor in the absence
of the acceptor was determined to be 0.38 based on a
known standard of fluorescein at pH 13 (quantum
yield ¼ 0.92 ^ 0.0350). The value of h used was 1.33
based on the refractive index of water at 22 8C. A value
of 2/3 was assumed for k2 based on time-resolved and
steady-state anisotropy measurements. Steady-state
methods were used to determine a value of 0.28 for the
anisotropy of the Cy3 acceptor dye. The initial aniso-
tropy, r(0), of FL donor emission in both Cy3–DNA–FL
and Cy3–DNA–FL heat annealed to RNA acceptor was
0.3, which decayed to ,0 in less than 1.1 ns. This result
implies that the FL donor undergoes uninhibited
rotational freedom and justifies the use of k2 ¼ 2/3.49,51

The spectral overlap integral, J, was calculated to be
8.96 £ 1015 M21 cm21 nm4 by numerical integration of the
emission spectrum of DNA–FL and the absorption spec-
trum of Cy3–DNA.

FRET distance calculations

The FRET efficiency (1) was calculated from steady-
state data according to:

1 ¼ 1 2 ðIDA=IDÞ ð2Þ

where IDA and ID are the peak fluorescence intensity of

FL in Cy3–DNA–FL and DNA–FL, respectively. The
efficiency of energy transfer is related to the distance
between the two probe molecules (R ) according to
Förster theory:52

1 ¼ ½1 þ ðR=ROÞ
6�21 ð3Þ

where RO is the Förster radius, which is given in
equation (1) above. R was calculated from time-resolved
data according to:

R ¼
RO

tD

tDA
2 1

� �1=6
ð4Þ

where tDA and tD are the lifetimes of donor FL in Cy3–
DNA–FL and DNA–FL, respectively, and RO is again
the Förster radius.
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35. Brulé, F., Bec, G., Keith, G., Le Grice, S. F., Roques,
B. P., Ehresmann, B. et al. (2000). In vitro evidence
for the interaction of tRNA3

Lys with U3 during the
first strand transfer of HIV-1 reverse transcription.
Nucl. Acids Res. 28, 634–640.

36. Driscoll, M. D., Golinelli, M. P. & Hughes, S. H.
(2001). In vitro analysis of human immunodeficiency
virus type 1 minus-strand strong-stop DNA syn-
thesis and genomic RNA processing. J. Virol. 75,
672–686.

37. Bernacchi, S., Stoylov, S., Piémont, E., Ficheux, D.,
Roques, B. P., Darlix, J. L. & Mély, Y. (2002). HIV-1
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